We describe the results of our investigations into the bandwidth dependency of near-field effects in UWB implant body area networks. It has previously been proposed in the literature that the near-field region of an implant UWB antenna expands as a result of the interaction of the antenna with body tissues. However, the bandwidth dependency of this near-field effect has not been fully investigated. Our results shed light into this matter, which should be helpful in optimizing the quality of an implant UWB link.
INTRODUCTION
Body area networks (BANs) are a new and growing area of wireless communications, specifically focusing on low-power networking between wearable and implantable sensor nodes of small form factor. Potential application areas range from health and wellness to personalized entertainment and military applications [1] . The general system scenario is as shown in Figure 1 below. A number of sensor nodes are shown in the figure, which can be deployed on the body surface, implanted or even off the body. However, regardless of where the sensors are placed, it is generally assumed that they all communicate to one central node (which can be either on or off the body), known as a "base station" or "hub". The base station in a BAN is simply a node that has the capability to communicate to a wide area network. A typical example of a base station would be a smart phone with 3G or 4G cellular connectivity. The base station relays the data from the sensors on to an information sink (for example, a telemedicine server at the local hospital for a remote health monitoring application).
Ultra wide band (UWB) technology is being considered for a number of different applications in BANs, ranging from accurate indoor localization for mentally ill and disabled patients [2] to better-quality capsule endoscopy [3] . It is also conceivable that UWB-based medical implant communications will also be important for next-generation medical imaging and robotic surgery applications [4] . In order to optimize the UWB transceiver designs for these types of applications, better understanding of UWB propagation in implant environments is needed. Our goal in this paper is to contribute to this understanding. There have been several previous studies on UWB propagation modeling for biomedical implant scenarios. In [5] , the authors modeled the UWB propagation in implant scenarios; these studies indicated that UWB communication with an implant is feasible for low-data rate applications. In [6] , the researchers numerically modeled the propagation between an implant embedded in the human chest and a sensor on the surface of the body; this study also included the multipath parameters that were extracted from the simulation results. In [7] , the authors studied the UWB propagation in implant scenarios and postulated the existence of a near-field region at distances close to the antenna. Related works having to do with UWB antenna design and performance evaluation for implant applications can be found in [8] and [9] .
The starting point for our work was [7] , and specifically the path loss models reported therein. In this work, the authors reported increased path-loss exponents at distances close to the body surface. These results were observed at all implant depths. From these results, the authors postulated the existence of a nonradiating near-field region close to the body surface and proposed that receiving antennas be positioned as close to the body surface as possible in order to exploit the near-field and improve link quality. However, for practical applications such as wireless medical telemetry, having a wide non-radiating near-field region is undesirable, as it essentially represents a waste of transmitter power. Positioning the antenna so close to the body surface is also undesirable from a usability standpoint due to possible skin irritations resulting from attachment of the antenna on the skin, or just plain user annoyance.
All this leads to an interesting question: is it possible to reduce the near-field effects in UWB implant communications by adjusting system parameters, such as the bandwidth of the UWB signal? If the near-field effects could be reduced by intelligently adjusting system parameters, more of the transmitter power is radiated; this enhances the power efficiency of the implant wireless sensor. In addition, it becomes easier to integrate BAN platforms with other consumer electronic devices which are not typically deployed close to the body surface (such as tablets and smart phones), paving the way for a more attractive user experience. While it may be argued that the problem of the near-field region has more to do with the antenna design itself, the antenna, once designed and embedded in human tissue, is typically a static structure whose parameters cannot be changed easily. Therefore, it is logical to investigate whether other system parameters, such as signal bandwidth (which are easier to change), can be adjusted to reduce near-field effects. In this paper, we have attempted to address this issue through an analysis of 3-D electromagnetic simulation results.
The rest of this paper is divided into three sections. In section 2, we describe the simulation scenarios that we used. Section 3 presents our results and analysis. Section 4 concludes the paper.
SIMULATION SCENARIO
Finite Difference Time Domain (FDTD) electromagnetic simulations were carried out on a 3-D voxel model of the human body developed under the Visible Human Project [10] . FDTD techniques are especially appropriate for UWB studies, since the response of a system to a broadband pulse can be easily captured in one simulation. The tool used to perform the simulations was the XFDTD™ software from Remcom, Inc.
The resolution of the body model used was 2 mm. The human body mesh data was adjusted until just the section of interest (i.e. human chest and torso sections) remained. Figure 2 shows the body model used. An elliptic disc dipole antenna was placed in the chest close to the heart, similar to [7] , as shown in Figure 3 . The FDTD cell size used was also 2 mm. Considering the tissue types in the region of interest and the frequency range being used, this cell size satisfied the Courant limit. The antenna was excited with a Gaussian pulse with a -6 dB bandwidth of 500, 750 and 1000 MHz respectively. Since our objective was to study the effects of signal bandwidth on the near-field effects, the input signal was not modulated with a carrier frequency. The Perfectly Matched Layer (PML) absorbing boundary condition with seven layers was used to limit the simulation region of interest. The frequency-dependent material properties were modeled using a four-pole Cole-Cole model as given by As part of the simulations, electric and magnetic field intensities were calculated at points on a straight line radially away from the center point of the antenna. The field values were measured using software-defined field probes. The antenna was implanted at depths of 35 and 45 mm. The Poynting vector (in W/m 2 ) for was calculated at the points of interest, as defined by
where ( ) 
RESULTS AND DISCUSSION
The first results of our simulations are as shown in Figure 4 . These results are for an implant depth of 35 mm below the body surface. It can be clearly seen from these results that increasing the bandwidth results in higher energy density values near the body surface (such as the interval 0 1 2 . 2 r r ≤ < ). In order to derive a path loss model from these results, the following wellknown template for distance-dependent path loss is used [12] 0 ( ) 10 log r P r n r
where n is the path loss exponent and α is a power-scaling constant. These values were derived using least-squares regression based on the energy density values calculated. In principle, the regression could have been performed using a single parameter set (n and α ) for all values of 0 r r . However, we found that a piecewise fit for different intervals of 0 r r gave more accurate results; this was also the strategy adopted in [7] . However, in contrast to [7] , we found that allowing the α values to also change with the different intervals resulted in a more accurate fit (although it made the model slightly more complicated). Table 3 and Table 4 give the model parameters for the 45-mm implant depth at different bandwidth values. The results given above clearly indicate that the path loss exponent is higher at points close to the body surface. As one gets further away from the body surface, the path-loss exponent drops in value. The higher values of the path-loss exponent at points close to the body surface (for example, points within the interval 0 1 2 . 2 r r < < ) indicate the existence of a near-field region close to the body surface; this is in line with the observations outlined in [7] . However, we also observe that the values of the path-loss exponent close to the body surface also increase as we increase the bandwidth. These results suggest that increasing the bandwidth of the input UWB signal results in a more pronounced near-field effect. Increasing the bandwidth obviously results in greater information-carrying capacity; however, as the results above illustrate, it may result in less favorable propagation characteristics.
An intuitive explanation for these observations can be given as follows. Electromagnetic waves travel at a constant speed known as the phase velocity in free space. If the medium is lossy, this velocity becomes frequency-dependent. The human body certainly qualifies as a lossy medium, owing to the conductivity characteristics of different body tissues. A lossy medium is also known as a dispersive medium. In a dispersive medium the lower frequency components of the signal will travel slower with respect to higher-frequency components [13] . Therefore, a UWB signal with a higher bandwidth will encounter more losses and distortion, as opposed to one with a narrower bandwidth.
CONCLUSION
In this paper, we presented the initial results of our efforts to quantify the relationship between signal bandwidth and near-field effects in UWB implant body area networks. Our results indicate that the near-field effects are reduced as the signal bandwidth is reduced. Using a signal with a wider bandwidth obviously increases the information-carrying capacity; however, it may also result in more pronounced near-field effects, and thus less favorable propagation conditions. Our overall conclusion is that there is a trade-off between the information-carrying capacity of the system and the propagation conditions desired. This trade-off needs to be taken into account by the system designer seeking to develop a UWB-based implant communications system.
